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\ ABSTRACY

The NASA Lewls Research Center and the U.S. Army
Aviation Systems Command ghare an fntersst in
advancing the technology for helicopter propul-
sfon systems. In particular, this paper presents
highiights from that portion of the program in
drive train technology and the reluted mechanical
components. The major goals of tha program are

to Increase the 1ife, relfability, and maintain-
ability: reduce the weight, noise, and vibration;
and maintain the relatively high mechanical eff)-
clency of the gear train, The current activity
emphatizes nofse reduction technology and analyti-
cal code development followed by experimental
verification. Selected significant advances in
technology for transmissions are reaviowed, includ-
{ng advanced configurations and new analyt!ical
tools. Finally, the plan for tranimigsion
resedrch in the future {s presented, _:rrfs)

INTRODUGTION Fﬁ:

Since 1970 NASA Lewls and the U.S. Army Aviation
Systems Command have shared an interest in advanc-
ing the technology for helicopter propulston sys-
tems. The ma?or goals of the program are to
increase the 1ife, rellability, and maintatnabil.
fty, reduce the welght, noise, and vibration, and
maintain the relatively high mechanical efficiency
of the gear train, Figure (1), Reference (1),
Righlights from the current research activity are
presented next.

ANALYSIS

The currynt activity emphasizes analytical code
development and validation with emphasis on nolse
reduction technology for drive systems, Figure (2),
There {s a gear technology effort which supports
advances In 1ife, nigher power density, and lubri-
cation for gears.

Based on the experimental, analytical, and design
studies conducted under the transmission tochno?
ogy program, some advanced transmission concepts
were evolved, including the advanced 500 hp trans-
misslon, the baaringless planetary transmission
and the split-torque transmission.

An extensive data base has been established for
two sizes of hellcopter transmissions. The Army's
UH-60 Blackhawk transmission has been run in the
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NASA Lewls test stand to determine thermal, vibra.
tion, stress and effictency information for a
matrix Of operating conditions, Reference (2).
This information !¢ being used to compare with
computer code predictions for code valldation and
to provide a baseline from which to assess the
promised advantages of future designs and con-
cepts. Information of a similar nature and pur-
pose was collected for the OH-58 trangmisyion,
References (3) and (4), The NASA Lewis test
stands are currently operational and available
for use in experimental transmission work,

The NASA/Army program has produced some very use.
ful computer programs for designing and analy2ing
roll\n? ¢lement bearings, References (5) to (8),
Qenerally, the computer program can predict per-
formance characteristics lnclud\nT Hertz stress,
load distribution, lubrication f1lm thickness,
component kinematics, fatigue 1ife, heat genera-
tion, operating temperature, and power 108s as &
function of input parameters such as bearing geom-
etry, speed, and load. The programs permit bet-
ter designs and eliminate much trial and errvor
testing prior to selection of a final design.

Anal{ses and/or computer ¢odes have also been
developed for ?oars to provide the following
types of calculations: (a) powaer loss and eff!.
clency, (b) bevel gear contact geometry,

(¢) gear dynamic analysis, (d) welght minimiza-
tion, (@) 1ife prediction, (f) lubrication, and
(9) temperatures.

An in-house and university grant effort cont!inues
to develop computer programs for analysis and
design of transmission systems, The unique facil-
fties and hardware at NASA Lewls are being used
to validate the computer codes and collect add!-
tlonal data for use in developing the codes. A
prary of computer codes and subroutines for
transmission system analysty 1¢ being assembled.
The goal 1§ to develop a comprehensive computer
program library for transmission system modeling,
Flgure (3.

Gear and Trangmission Life

Pitting fatigue !s a natural wear out mode of gear
falture and occurs even under ideal operating con-
dittons with proper lubrication and stress levels.
For each hour of operation there 1s a reliability
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lgvel which can be calculated. Early work at NASA
?rovidod an anal{tical methodology for calculating

ife and rellability for gears assuming a quasi-
static load on the gear teath, Reference (9). It
was desired, therefore, to improve on this methode
ology by replacing the assumed quasi-static load
with a caleulated dynamic load in the !ife and
reliability model.

TELSGE, a NASA gear dynamic load prediction proe-
gram. Reference (10), was modified, a pitting-
atigue-~tife prediction analysis was added and
parametric studies wore performed. The study
fdentified contact ratio and operating speed as
the two most influential parameters among those
ttudied, Reference (11), As 3 result, gear life
¢4n be insreased through the improved analytical
1ife prediction method.

Drive system 11fe and redtability are important
fesues during the design, developmant and fleld
operation of helicopters. Anmalytical tools are
need: 1) tor design and for comparing competing and
dlternate designy,

To meet this need, & versatile computer program
Wi developed to predict hellicopter transmission
11fe, Figure (&), Reference (12). The program can
dndlyze a variety of configurations composed of
spiral beve! gears and planetary gears, The pro-
oram determines the forces on each bearing and
gear for a given transmission configuration and
applied load, The 1ife of each bearing and gear
is determined. Program output includet component
and total system 1ives and 1oad capacity for a
given mission profile. The program predicts mean
time between fallures (MTEF) and can be used to
evaluate proposed new d.ll?ﬂl and to project spare
parts requirements for hel

Gear Nolse

Historically, halicopters have been plagued by
interna) noise problgms. Nolse levels range from
100-120 dBa in the cabin. The sound can be from
many sources, such As the transmission gear noise,
the turbine engline compresscr and sxhaust noise,
the rotor blades, and air turbulence. The trans-
mission 1s a particularly troublesome source and
{s belleved to be the main source of annoying
noise in the helicopter cabin, The nolse from the
transmission entars tha cabin following two paths,
gtructure borne radiation and direct radiation,
Flgure (5). The magnitude of the direct radiation
tg$ a function of the acoustic power radiated from
the transmission case, transmitted acoustically to
the cabin outer walls, and transferrad through to
the cabin. Of courte If there are any small open-
tngs in the wall batween the transmission compart-
ment and the cabin the sound will directly enter
the cabin. The structure borne path is particu-
||rl¥ hard to block because the transmission case
and 1ts mounts are an integral part of the 1ift.
1oad bearing path. The transmission mounts must
be strong and rigid: strong enough to tupport the
entire hellcopter by transferring the 11ft-load
from the rotor blades to the air frame: and ri*-d
enough for stable ¢ontro) of the helicopter. The
stiff mounty pass the gear vibrations exceedingly
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copter fleet operations,

well to the afrframe, and the sound transmits to
the cabin directly. The major portion of our
present program in transmissions s devoted to
finding solutions to this problem,

Spiral bevel gears are used in hellicopters to
transmit power "around the corner" from a horizon-
tal engine output shaft to the vertical rotor
shaft. Vibration from spiral bevel gears iy a
strong source of transmission nolse, Figure (6),
Reference (1),

The goal of a recent study was to relate gear
notse to physical factors such as deviations of
tooth surfaces and gear shaft centerlines from
their ideal potitions; tooth and gear body stiff-
ness: bearing and housing support flaxipility

and input shaft torque. Equations have been deve-
loped for computing the vibration and noise of the
gear drive system. The work completed: (a) pro-
vides the first detalled mathematical understand-
ing of generalized transmission error in spiral
bevel gears, (b) allows prediction of vibration
axcitation based on gedr tooth measurements, and
(¢) relates gedr noise to physical design parame.
ters and therefore provides a basis for futurs
improvements in spira) bevel gear design,
Reference (14).

ADVAN T N

Advancementt in transmissions can come from sither
improved components and improved designs of the
transmission system, Figure (7). The tplit torgue
arrangement is in the second category. Flgure (72)
shows 3 split torque dn|1gn which {s compatible
with the Blackhawk (UH.60A) halicopter. The fun-
damental concept of the split torque design is
that the power from the engine 18 divided into two
parallel paths prior to recombination on & single
gear that drives the output shaft, Studies have
shown that replacement of the planetary gear
reduction stage with a split torgue results in
weight savings and Increased rellability, Refer-
ence (15). There can be many pinlons driving the
output gear, but In the case of the UH-60A appli-
cation it was found that four pinions gave the
optimum design on the basis of least overall
weight, reduced power losses, comparable total
parts count compared to the existing UH-60 design,
and least number (ong) of nonredundant gears.

The advantage of spiit torque over planetary i3
greatest for the larger 3i1zed halicopters.

The engineering analysis sthowed that the following
performance benefits can be achieved for a 3600 hp
1plit torque transmission compared to the conven-
tional transmission with a planetary qear stage:
(a) welght {3 reduced 15 percent, (b) drive train
power losses are reduced by 9 percent, (c) relia-
bifity 1s improved and vulnerabiilty s reduced
because of redundant power paths, and (d) the
number of noise generation points (gear meshes

iy reduced.

The transmission has potential for installation
{n the Blackhawk helicopter. The design study
hag carried the transmission to the detall design
stage for a test mode! to be used for validation
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studies in the NASA Lewis 3000 hp helicopter
trangmission facility, but a test model has not
been buflt, For the transmission to be used in
the Blackhawk, & separate detail design and

. fnstallation study would first be required.

The design emphasis for the NASA/Bel! Hellcopter
Tetron (BHT), 500 hp advanced technology demon-

. ttrator trangmission, Fiqura (708), was placed on
designing a 500 hp varsion of the OH-58C, 317 hp,
transmission that would have a long, quiet 1ife
with a minimum incredse in the cost, welght, and
space that usudlly increases along with power
increases. This was accomplished by implemanting
advanced technology that hat been developed dur-
ing the last decade and mcking {mprovements dic-
tated by field experience, Reference (16).

These advanced technology components, concepts,
And improvements: and their effect on the 500 hp
transmission are:

(1) High con:*;; rg:lg planetary gear teeth
reduce the nolse Tevel and incresse life,

Q) Im ir \ made of vacuum
carburized qear steels, shot peened for Increased
gear tooth p\tt1n? fatigue 1ife, as well as gear
tooth bcndln? fatigue strength, and lubricated
with Agroshell 555 ofl save welght and tpace and
1ncr:§§o trnnsm\ss\oniiifa. 'l ‘

mer9v$d Q%gr ngy made of cleaner steels,
and designed with improved analytical tools to
save welght and space and incredse rellabiiity,

(4) Improved design of the ‘%{ﬁ";“ﬁﬁ%‘ﬁ
made of two plece conttruction w straddle
mounting of the planet gears for improved gear
c\\qng:n; and DOYTF capacity. \ |

( he ¢an VQr=- ry rin r
has no working spline to gonura?o wear goir [H
fsolates the meshing teeth from the housing to
reduce nolse; and 1t provides a flexible mount
for & more uniferm load distribution among the
planets.

(6) The sun gear now has an anrgvgg ;gl\g*
(¢rown hobbed and hardened) running submerged in
a bath of flow through ol whi¢h prevents the
spline from woartn?.

(7) The 3%radd g-mggn:*g Qavgl gggr allows
higher torque to be transmitted without detrimen.
tal shifting of the tooth contact pattern,

In sum-ary, the improved 500 hp design has a
weight/np ratio of 0.26 1b/hp compared to 0,37
1b/hp for the 317 hp OH-58C transmistion. Thig
transmission s the basls for the transmission in
the Army's improved OH-58D mode! helicopter,

One recent development in the area of high
fr-formance power transmissions {8 the self-
aligning, bearingless planetary (SABP), Refer-
ence (17), Flgures (7¢) and (7d), This transmisg-
sfon arrangement can be qenerically classified as
& quast-compound planetary which utilizes a sun
gear, planet spindle assemblies, ring gears, and
rolling rings.

The design study projects a weight savings of 17
to 30 percent and a rellabiiity improvement fac-
tor of 2:1 over the standard transmission. The
benefits of using & SABP transmission are most
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effective when one uses reduction ratios between
16:1 and 26:1., It permite high reduction in two
compound stages of high efficiency, providing suf-
ficient flexibility and self-centering to glive
good load distribution between planet pinions,
while effectively isolating the planetary elements
from houting deflections.

This new transmission concept offers advantages
over transmissions that use conventional planetary
gears: higher reduction ratio, 1ignter weight,
increased roliabiVity, and decreased vulnerabllity,
Since 1t has no planet bearings, there is & welght
tavings and power losses and bearing fallures com-
monly assoclated with conventional-design tranimis-
sion are nonexistent,

In conventional-detign transmissions, planet bear-
ings are hedvily loaded and are the weak link

when the lubricant Is interrupted. The $SABP
transmission has decreased vulnerabliity because
of increased operating time after loss of
lubricant since there are no planet bearings.

One SABP transmission, Figure (7¢), with a
17.44:) ratio is curront1{ being tested in the
800 hp transmission faciiity at NASA Lewls, and
anothar variant, Figure (7d), with a ratio of
101:Y 15 being fabricated for testing,

F PLAN

Rotorcraft for the 1990's and beyond require an
extremely Vight, long-1ived and quiet drive sys-
tems. The NASA/Army research, along with the hel-
fcoLter builders' carefu) designs, has provided
reliable and strong drive systems for clivilian

and Army helicopters. This paper has reviewed
tignificant research in drive systems and their
components.

the critical Ygsues are: (a) to achieve signifi-
cant advances in power-to-weight ratio, (b) te
increase retlabitity, and (¢) to reduce the trans-
mission nolse. New concepts to achieve these
goals have been investigated, The advanced 500 hp
transmission has explored an increased power-to-
weight ratlo using advanced design techniques,
component improvements, and advanced materials.
The value of this kind of research activity was
realized during the upgrading of the Army's OH-58
helicopter to the D model, when the research on
the agvanced 500 hp transmission laid the ground
work for the transmission in the D model. The
bearingless planetary transmission with helical
gears offery advantages In rellabiiity and reduced

notse. The spiit torgue concept offers signifi. -
cant welght savings for large size helicopters, Eﬁ
Qur plan for future NASA/Army Transmission [

Research calls for increased emphasis on nolse
reduction, an aggressive development of computer
ajded design codes for transmissions, and the T
design and construction of demonstrator transmis-

stons in large and small size categories,

Figure (8). .
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AN RCRAFT 1 N_(ART) PROJECT
The Advanced Rotorcraft Transmission (ART) Teche
nology Integration Demonstration i3 an Army/NASA
program incorporating key emerging material and
compongnt technologles and new design concepts
for advanced rotorcraft transmissions., The
intent 13 to make & quantum jump In the state-
of-the<art. The program provides for the design,
construction and testing of two different-sized
transmissions. One size range will be applicable
to a 10 000 1b to 20 000 1b gross weight future
Attack rotorcraft. The other size is for a

60 000 1b to 85 000 b advanced cargo alrcraft,

There are three objectives to the program: (a)
trantmission welight 1s to be reduced by

28 parcent compared to design and comoonent
capabilities represented by currently flelded
transmission state-of-the-art: (b) transmission
nots? generation iy to be reduced by 10 dB com-
pared to state-of-the-art capabitities; and

(¢) mean time between removal s to be at least
8000 hr. These are recogniZed as being ambi-
tious but realistic objectives, and address
attributes of rotorcraft transmissions that sig-
nificantly impact aircraft performance.

ART provides the rotorcraft industry, for the
first time, an opportunity to advance the technol-
ogy baseline of transmissions via & path gimilar
to that traditionally followed in engine develop-
ment, namely through technology demonstrator
programs.

ART consists of two phases, The first phase, just
recently initiated, s the “ProIim\nar* Design and
Componant Development” phase, and \nvoives four
Industry participants. In the early pari of this
phase a conceptual baseliine transmission repre-
senting currently flalded state-of«the-art will be
defined. This will provide the basis for comparing
different advanced design congcepts and for assess-
ing the impact of various component technologies
with respect to achleving the ART objectives. A
final selection of the ART transmission configura-
tion along with & 1ist of key technologles requir«
1nT substantiation or additional development then
follows. The key technology fssues are addressed
through execution of a supporting test plan, and
the results integrated into the preliminary
dcs\xn. It 1¢ expected that the first phase of
the ART program will be completed by 1992, A sum-
mary of the component technologies that will be
addressed In the ART program is in Table I. Note
that the specific ART obgoct\vos areas (weight,
noise, and mean time between remcval) Dy each com-
ponent technology are indicated. The expected
long range Impacts and follow-ons to the ART phase
one contributions are summarized in Table II.

The second phase of the ART program scheduled,

for Initiation prior to full completion of the
first phase, \s "Detatled Design, Fabrication,

and Demonstration” of the transmission concelved
in the first phase. 1t s anticipated that two
participants will be involved In the second phase.
The immediate result of the second phase effort

ity

will be a valldated transmission incorporating
proven advanced technology materials and compo-
nents, readily adaptable to next generation rotor-
craft systems. Completion of the ART second phasse
is expected in 1994,
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Technical Content of Art Program

Major
Technology Emphasis

Wt Nolse MTBR

Compos{tes
Housing
Integral high-speed couplin /shaft

Clutches
Bearings
Spherical/tapered
Nonmetallic C(i,e. rollers, cage)
Shaft integral
Improved analysis

Matl./processing/MFG
Gears
Herringbone/buttress
Conformal
Soft torque device
High contact ratio spur and bevel
tero kinematic error spiral bevel

Noise attenuation/cancellation
Shaft seals
Lubricants/cooling

Mini lube system

Grease lubricant

Dlagnottics
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REQUIREMENT GOAL BENEFIT

LIGNTER OV TRAI BPEGIHC WEGHT INGAEALED RANGE D
v 0 p

STRONMIR (CURRENTLY 0.4 T0 0.8 1b/hp)

MORE RELIAWLE 5000:-hr MEAN TIME BETWEEN OVERHAULS  LOWER OPERATING GOBT
(WT80) AND SAFER OPERATION
(CURRENTLY 800 10 2000 hrs)

auieTen 7010 80 40 IN CABIN QREATER USE FOR COMMER:
(CURRENTLY 100 T0 110 dB) CIAL COMMUTER SERVICE

INCREASED PASSENGER AND
PILOT COMPORT

FIGURE 1. - TRANSMISSION TECHNOLOGY REQUIRED FOR 1940's,
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FIGURE 2. - CURRENT RESEARCH ACTIVITY IN TRANSMISSIONS.
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SIGNIFICANCE: ¢
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PREDICTING TRANSMISSION LIFE TRANSMISSION )
AND RELIABILITY SYSTEM —~ e
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HELICOPTER TRANSMISSION l
PLANETARY sTAGE - | L R
: : SPIRAL BEVEL STAQE - ;
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| o INPUTS: TRANSMISSION CONFIGURATION,
| - LOAD, AND SPEED :
¢ OUTPUTS: TRANSMISSION COMPONENTS :
AND SYSTEM LIVES
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FIGURE 4, - HEL1COPTER TRANSMISSION LIFE AND RELIABILITY COMPUTER PROGRAM, I'
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FIGURE 5. - TRANSMISSION NOISE REDUCTION TECHNOLOGY FOR ROTORCRAFT.
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vt auik ot o MATHEMATICAL MODEL OF ZONE OF

VIBRATION TOOTH CONTACT FOR SPIRAL BEVEL ¥
GEARS
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NATURE OF TOOTH MESHING 3

o TIME AND FREQUENCY DOMAIN ANALYSIS
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BEALY ', GEAR DESIGN

SPIRAL BEVEL GEARS .L
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FIGURE 6, - SPIRAL BEVEL GEAR NOISE MODELING, ';“
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